1. Introduction {#s1}
===============

Leprosy is a chronic granulomatous infectious disease caused by *Mycobacterium leprae*, with more than 200,000 new leprosy cases detected annually, primarily in South Asia and Northern Brazil.^[@R75]^ The disease can induce neuropathy in peripheral nerve trunks, associated with sensory loss in skin lesions. The clinical presentation of leprosy is complex and determined by the host\'s immune response. Antimicrobial therapy can eliminate *M. leprae*, but immune-mediated reactions, including neuritis, can continue long after antimicrobial treatment has concluded, and neuropathic consequences might persist: While global access to cost-free mycobacterial-eliminating multidrug therapy has been a public health success, microbiologically cured patients continue suffering from long-term complications of permanent nerve damage including chronic neuropathic pain.^[@R23],[@R31]^ Dealing with the disabling sequelae of leprosy imposes a significant problem, including mental health, and socioeconomic burden on developing countries and is often diagnostically unrecognised by health care practitioners in immigrants to developed countries.^[@R6]^

Leprosy neuropathy occurs before, during, or after multidrug therapy^[@R6],[@R33]^ and affects around 65% of patients.^[@R59]^ Previous studies found 11% to 66%^[@R9],[@R22]--[@R24],[@R31],[@R34],[@R37],[@R41],[@R48],[@R53]^ of these individuals to suffer from neuropathic pain,^[@R15],[@R27]^ the wide range of its prevalence likely to be attributed to variations in study design. Neuropathic pain remains a treatment challenge with limited first-line treatment options which are of modest effectiveness and are of limited availability in low-resource settings.^[@R14],[@R29]^

A comprehensive quantitative sensory testing (QST) according to the protocol of the German Research Network on Neuropathic Pain (DFNS) has been used in multiple studies to document sensory profiles in neuropathy associated with pain^[@R3],[@R5],[@R20],[@R36],[@R39],[@R40],[@R66]^ and predict sensory profile--associated treatment outcome,^[@R11],[@R12]^ although it has not been hitherto applied in patients with leprosy. Moreover, a comprehensive QST approach has not been previously validated in any healthy Asian population, where normative values might differ from the existing data which were largely collated from studies conducted in Anglo-American populations in high-resource health care settings. Nevertheless, there are reports of selected sensory modalities being documented using a variety of methods in leprosy.^[@R13],[@R34],[@R60],[@R64],[@R65]^ A recent study, which measured pain symptoms in 169 Brazilian patients using the Neuropathic Pain Symptom Inventory questionnaire, demonstrated symptom heterogeneity of leprosy-associated neuropathic pain.^[@R42]^

In this study, we used the comprehensive and robustly validated QST battery according to the DFNS protocol^[@R46]^ to obtain normative data in a healthy Indian population. We then performed a deep profiling cross-sectional study on patients with leprosy, aiming to capture clinical features, pain, quality of life, and sensory profiles of patients with leprosy neuropathy.

2. Material and methods {#s2}
=======================

The study protocol and recruitment procedures were approved by the following ethics committees in London and Mumbai: London School of Hygiene and Tropical Medicine Research Ethics Committee, ethical approval reference number 6181, 2013; Imperial College Research Ethics Committee (ICREC), ethical approval reference number ICREC_11_2\_3, 2011; and Foundation for Medical Research Ethics Committee, IEC No \_ FMR/IEC/LEP/04/2012. The study was conducted in adherence to the ethical guidelines of the most recent version of the Declaration of Helsinki.^[@R76]^ Participants gave informed consent.

2.1. Study design and participants {#s2-1}
----------------------------------

This cross-sectional study was conducted at The Bombay Leprosy Project (BLP) clinic and Foundation for Medical Research (FMR) both located in Mumbai, India. Blood sample analyses were performed by Metropolis Healthcare Ltd, Mumbai, India. There were 2 distinct substudies:

### 2.1.1. Collection of normative quantitative sensory testing data in local healthy volunteers {#s2-1-1}

These data were to be compared with the DFNS normative values to evaluate whether the normative values for an Indian population were similar to that of the DFNS normative data assessed in a European population. Participants were invited from amongst the patients\' relatives attending the leprosy clinic based at BLP and staff from the BLP and the FMR. Health status was established using a standardized questionnaire.^[@R19]^ All participants were asked to provide a urine sample for glucose testing and a blood sample for analysis of complete blood counts, blood glucose, thyroid function, vitamin B~12~ level, syphilis, and HIV serology, and, for women, a pregnancy test. Participants underwent a sensory assessment using the DFNS QST protocol.^[@R46],[@R47]^ Participants were excluded if they had been diagnosed with, or suspected to potentially have, any neurological disease including different forms of peripheral neuropathy, cutaneous lesions in the tested site, systemic disease, chronic pain, or were taking medication during the time of study. Travel expenses were reimbursed for all volunteers, including those who did not meet the inclusion criteria.

### 2.1.2. Deep sensory profiling of patients with leprosy {#s2-1-2}

Participants were adults (≥18 years of age) with confirmed leprosy irrespective of whether they were receiving, or had received, multidrug therapy or reported symptoms of a peripheral neuropathy in the ulnar nerve distribution. Exclusion criteria were as follows: a history of concomitant severe infection such as tuberculosis or any other serious underlying disease (cardiac, renal, or hepatic) that potentially might affect the study parameters; a history of other conditions associated with peripheral neuropathy such as previously known diabetes mellitus or nutritional deficiency (thiamine and vitamin B12 deficiency); other neurological or psychiatric disease; a history of regular, excessive intake of alcohol (for more than 10 years); pregnancy or lactation; history of thalidomide treatment; or insufficient level of communication (ie, lack of fluency in any of the 3 languages of the study: English, Hindi, or Marathi).

The study design consisted of a single clinical assessment appointment, where participants had detailed medical history taken by the investigator, recording the following: age, sex, time since leprosy symptoms first developed, the World Health Organization (WHO) and the Ridley--Jopling classification of their disease, history of multidrug therapy, history of previous leprosy-associated reactions, and family history of neuropathy. A detailed history of skin and nerve clinical symptoms and signs was recorded, including the number and morphology of skin lesions, the presence of peripheral oedema, and nerve tenderness. Participants were asked about presence and intensity of pain, pain characteristics, its duration, and pain treatment. All participants were interviewed, completed questionnaires, and underwent a structured neurological examination, followed by a detailed quantitative sensory testing using the DFNS QST protocol.

2.2. Case definitions {#s2-2}
---------------------

### 2.2.1. Leprosy {#s2-2-1}

Patients had leprosy when they had one of the following signs: hypopigmented or reddish skin lesion with loss of sensation; thickened peripheral nerve to palpation, or presence of acid-fast bacilli in a slit-skin smear.^[@R6],[@R73]^ This case definition includes patients who had yet to complete a full course of multidrug treatment, as well as patients who relapsed after completing a full course of treatment. It also includes mycobacteriologically cured subjects with late reactions.^[@R6],[@R73]^

### 2.2.2. Subclinical neuropathy {#s2-2-2}

Patients with leprosy as defined above and with no clinical evidence of mechanosensory and/or motor impairment in an area of the hand innervated by 1 or more nerve, but abnormal nerve conduction studies, were categorised as "subclinical neuropathy." Electrophysiology data for such patients were usually available because they had previously participated in the "Treatment of Early Neuropathy in LEProsy" (TENLEP) study.^[@R71]^

### 2.2.3. Neuropathy {#s2-2-3}

Patients with leprosy as defined above and clinical evidence of sensory or motor deficits were allocated to the "neuropathy" category: Mechanosensation was assessed using Semmes--Weinstein monofilaments (details below) and motor function using the modified Medical Research Council (MRC) scale.^[@R8]^ Sensory impairment was defined as not being able to perceive the 0.2-g monofilament at 2 points of 3 tested in each innervation territory of the hand. Motor impairment was defined by a decrease in voluntary muscle testing (VMT) score, by 1 point or more from the normal score of 5, using the modified MRC scale.

### 2.2.4. Painful neuropathy, pain distribution, and interference {#s2-2-4}

Patients with leprosy and neuropathy as defined above and pain in the innervation territory of the neuropathic site were allocated to the "painful neuropathy" group. These patients were asked to mark the area of their pain on a body image template. The pain drawing of each patient was digitized and transformed into a colour-coded heat map of frequent pain areas, in which white areas mark body parts in which no patient felt spontaneous pain, while dark red areas indicate that most patients felt pain. The light-yellow areas represent body parts in which few patients experienced pain; orange and light-red areas represent a medium frequency of pain occurrence. Patients also filled in the short form of the Brief Pain Inventory (BPI), previously reported of in leprosy,^[@R23]^ consisting of 9 items measuring pain intensity and interference. Patients completed the Hindi/Marathi version of BPI questionnaire with the assistance of native language speaker in the presence of the investigator (O.M.O.H.).

2.3. Psychological and comorbidity measures {#s2-3}
-------------------------------------------

Psychological factors were assessed with the GHQ-12, which is an established instrument used to screen for the presence of mental distress.^[@R21]^ It has been validated in both in Indian and leprosy settings.^[@R4],[@R16],[@R28],[@R49],[@R52],[@R63]^ Furthermore, the GHQ-12 has been demonstrated to be a valid screening in patients with leprosy neuropathic pain.^[@R23],[@R31]^ The GHQ-12 version, which was validated in Hindi,^[@R16]^ was used with the kind permission of Professor Shiv Gautam, Gautam Institute of Behavioural Sciences and Alternative Medicine, India. It was scored using the Likert method, and the values of positive items were inverted.

2.4. Structured clinical examination {#s2-4}
------------------------------------

A structured clinical examination was conducted by a single medically qualified investigator (O.M.O.H.). The general physical examination, leprosy-specific parameters, and neurological assessment procedures are described in detail elsewhere.^[@R23],[@R58],[@R60]^ Mechanosensation was assessed using a standard set of coloured Semmes--Weinstein nylon monofilaments (nominal bending forces 0.05, 0.2, 2, 4, 10, and 300 g) (Estesiometro; SORRI-Bauru, Bauru, Brazil). Three sites per nerve in the upper limb were tested, and a threshold of 0.2 g was the normative reference point.^[@R59]^ Motor nerve function was assessed by VMT using the 0 to 5 modified (MRC) scale,^[@R8]^ which has been shown to be reliable in patients suspected of leprosy.^[@R45]^ An abnormal result was taken as a decrease in VMT score by 1 or more points from the normal score of 5 using the modified MRC scale.^[@R58],[@R60]^ Leprosy-related disability was assessed using the WHO disability criteria, which defines grade 0 as no loss of sensation or visible deformity, grade 1 as loss of sensation without visible deformity, and grade 2 as presence of visible deformity.^[@R72]^

2.5. Quantitative sensory testing {#s2-5}
---------------------------------

The somatosensory profiles of healthy controls and patients with leprosy were measured using the DFNS QST protocol,^[@R46]^ which has been used to profile patients with a number of neuropathic pain conditions and fibromyalgia.^[@R3],[@R5],[@R20],[@R25],[@R36],[@R40],[@R43],[@R54],[@R57],[@R66]^ In short, the protocol consists of 7 tests measuring 13 sensory parameters in the following standardised order: cold detection threshold (CDT), warm detection threshold (WDT), thermal sensory limen (TSL), the presence of paradoxical heat sensations, cold pain threshold, heat pain threshold, mechanical detection threshold (MDT), mechanical pain threshold, a stimulus--response function for mechanical pain sensitivity, dynamic mechanical allodynia, wind-up ratio, vibration detection threshold (VDT), and pressure pain threshold.

Standardized verbal instructions and questions of the DFNS QST protocol were translated into Hindi and Marathi using forward-translation and back-translation methods and WHO guidelines.^[@R74]^ All measures were performed on each subject by the same investigator (O.M.O.H.). Before commencing the study, the investigator (O.M.O.H.) successfully underwent the standard DFNS training and validation process.^[@R18]^ This includes a visit to a German training center and subsequent qualification by providing a data set from 18 healthy volunteers measured at Imperial College London which were compared with DFNS normative values.^[@R69]^

Quantitative sensory testing measurements were performed for all participants in the ulnar nerve innervated dorsum of the hand bilaterally because this has been reported as the most frequent site of leprosy-associated nerve damage.^[@R23]^ Reference data for these test areas are available^[@R35]^; all data were normalized to *z*-scores by subtracting the appropriate group mean of healthy subjects and dividing by their SD. *Z*-score sign was adjusted such that positive values indicate gain of function and negative values loss of function. The confidence interval of healthy control participants is represented by a *z*-score of 0 ± 1.96. In patients with bilateral pain, the most painful area was chosen as the test site. The pressure pain threshold for ulnar nerve innervation territories of the hand was assessed over the hypothenar eminence muscle. Vibration detection threshold was recorded over the bony prominence of the ulnar (styloid process).^[@R46],[@R47]^

2.6. Statistical analysis {#s2-6}
-------------------------

Statistical tests applied were paired and unpaired Student *t* tests; the Mann--Whitney *U* test; the Kruskal--Wallis test; and Pearson χ^2^ test. A *P*-value ≤0.05 was considered significant. Because there are no published reports of DFNS QST profiling in leprosy, the required sample size was calculated using MDT data reported in another case--control QST profiling study of another infection-related neuropathic pain condition, HIV-associated sensory neuropathy.^[@R40]^ This calculation revealed a minimum sample size of 15 was required per group for a power of 90%. In addition, we applied a recently suggested algorithm,^[@R5],[@R68]^ which allocates patients into 1 of 3 sensory pathological phenotypes in addition to a "normal" profile. This method compares the full QST profile of each patient to 4 prototypic profiles that have been heuristically found in a large set of patients suffering from neuropathic pain and sorts each patient to the phenotype their QST profile is most similar to. These phenotypes are mainly characterized by (1) loss of thermal and mechanical detection and frequently paradoxical heat sensation ("sensory loss"), (2) intact sensory function, often combined with thermal hyperalgesia or allodynia ("thermal hyperalgesia"), (3) loss of thermal detection, but not mechanical detection, accompanied by mechanical hyperalgesia or allodynia ("mechanical hyperalgesia"), and (4) a mostly normal sensory profile resembling that of healthy subjects ("healthy sensory profile").

3. Results {#s3}
==========

3.1. Healthy control participants {#s3-1}
---------------------------------

Between September 10, 2012, and April 30, 2013, a total of 56 local Indian volunteers were screened for the study of whom 6 subjects were excluded. Of these, 4 had a low blood vitamin B~12~ level, 1 was anaemic, and 1 was pregnant. Fifty healthy Indian participants, 28 women and 22 men, with mean age of 30 years (range 18--55 years), were recruited (Fig. [1](#F1){ref-type="fig"}). The normative data from the local population showed similar distribution with a mean *z*-score of 0.16 and a SD of 1.06 to those held in the DFNS database and no unexpected deviations in the distribution of abnormal values. We submitted the data to 2 published tests suggested by the DFNS to compare healthy participants with their normative data, showing no systematic deviation.^[@R35],[@R69]^ As the DFNS normative data are more nuanced in being multicentric, age-, and sex-balanced, the DFNS normative data were used to calculate *z*-values, whereas the local group of healthy subjects were used for statistical comparisons with the leprosy patients (Table [1](#T1){ref-type="table"}).

![Flowchart of patient inclusion.](pr9-4-e743-g001){#F1}

###### 

Demographic and clinical characteristics of participants by group.

![](pr9-4-e743-g002)

3.2. Leprosy participants {#s3-2}
-------------------------

Ninety-nine patients with leprosy were screened between October 12, 2012, and April 30, 2013, and 14 were either secondary excluded because it was uncovered that they did not fit the inclusion criteria on closer look (n = 9) or other reasons (n = 5); the remainder allocated into the 4 groups namely, no neuropathy, subclinical neuropathy, neuropathy, and painful neuropathy (Fig. [1](#F1){ref-type="fig"}). The demographic and clinical details of the study population including healthy volunteers are shown in Table [1](#T1){ref-type="table"}. The groups were not significantly different with respect to age, weight, height, body mass index, or metabolic factors (thyroid hormone profiles, glucose, and vitamin B~12~ level). Interestingly, patients with neuropathy or painful neuropathy were significantly more frequently classified as multibacillary, whereas patients with no or subclinical neuropathy more often classified as paucibacillary. Patients with painful neuropathy had significantly more often completed multidrug treatment, indicating that pain is a long-term and late consequence of leprosy.

3.3. Pain and pain interference {#s3-3}
-------------------------------

Patients with painful neuropathy (n = 32) mostly reported pain within the innervation territory of the ulnar nerve either bilaterally (n = 19, 59%) or unilaterally (n = 13, 41%). The most frequently reported sites of pain were the palmar aspect of the hand (n = 18, 56%) as the most frequent site of pain followed by the dorsal aspect of the hand (n = 14, 44%) (Fig. [2](#F2){ref-type="fig"}). The innervation territories of the ulnar nerve, the medial antebrachial cutaneous nerve, and the peroneal nerve were the most frequently associated with pain. Pain drawings in addition suggested painful distally symmetric neuropathy and knee pain. Of the 32 patients with leprosy and pain, 31 (97%) completed the Brief Pain Interference questionnaire. Pain interference levels were in the moderate-to-severe range (mean 4.2--6.5 across the selected daily life aspects). Pain was associated with substantial interference (≥4 on 0---10 scales) on average on all items (Table [2](#T2){ref-type="table"}).

![Distribution of pain in patients with leprosy. Body chart showing superimposed pain areas reported by all patients with pain (n = 32). The white areas mark body parts in which no patient felt spontaneous pain. In the dark red areas, most patients felt pain. The light-yellow areas represent body parts in which few patients experienced pain, and orange and light-red areas represent a medium frequency of pain occurrence. Most pain appeared in the ulnar territory, and a second hotspot was the knees of the patients.](pr9-4-e743-g003){#F2}

###### 

BPI results for patients with painful neuropathy.
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3.4. Psychological state (GHQ-12) {#s3-4}
---------------------------------

Approximately 85 (98.9%) patients completed the GHQ-12 questionnaires. Of these, 39 (46%) had a GHQ-12 score of 3 or more. The overall mean score for the GHQ-12 of the patients was 2.5 (SD 6.0). Participants with pain scored higher on the depression and anxiety parameters than those without pain. In patients with no or subclinical neuropathy, the proportion of patients scoring 3 or higher using the GHQ-12 was 8 (28%, mean 0.3, SD 4.1), compared with 11 (46%, mean 2.1, SD 6.2) in the painless neuropathy group and 20 (63%, mean 4.8, SD 5.4) in the painful neuropathy group (Table [3](#T3){ref-type="table"}).

###### 

GHQ-12 results per group.

![](pr9-4-e743-g005)

3.5. Quantitative sensory testing findings in patients with leprosy {#s3-5}
-------------------------------------------------------------------

Patients who were categorized as having no neuropathy showed only mild sensory abnormalities, mostly within the normal range, regarding both the *z*-profile (Fig. [3](#F3){ref-type="fig"}) and number of abnormal values (Fig. [4](#F4){ref-type="fig"}). By contrast, within the patients with neuropathy, both subclinical and clinical as well as painless and painful, a striking loss of thermal detection function was seen in the *z*-profile (Fig. [3](#F3){ref-type="fig"}). The number of abnormally increased thermal detection thresholds amounted from more than 40% of patients (CDT in subclinical neuropathy) to more than 90% of patients (TSL in painless neuropathy, Fig. [4](#F4){ref-type="fig"}). Thermal detection thresholds (CDT, WDT, and TSL) for all participants are additionally plotted in detailed, individual data dot plots of raw temperature data (°C instead of *z*-values) in Figure [5](#F5){ref-type="fig"}.

![Sensory *z*-profiles. Sensory testing results were normalized to healthy subject reference data. Values below zero indicate loss of sensory function (ie, hypaesthesia); values above zero indicate gain of sensory function (ie, hyperalgesia). CDT, cold detection threshold; CPT, cold pain threshold; DMA, dynamical mechanical allodynia; HPT, heat pain threshold; MDT, mechanical detection threshold; MPS, mechanical pain sensitivity; MPT, mechanical pain threshold; NRS, numerical rating scale; PHS, paradoxical heat sensation; PPT, pressure pain threshold; QST, quantitative sensory testing; TSL, thermal sensory limen; VDT, vibration detection threshold; WDT, warm detection threshold; WUR, wind-up ratio.](pr9-4-e743-g006){#F3}

![Frequency of abnormal sensory findings per group. Patient data outside the 95% CI of healthy subjects were considered abnormal. Values below zero indicate significant loss of sensory function (ie, hypaesthesia); values above zero indicate significant gain of sensory function (ie, hyperalgesia). CDT, cold detection threshold; CI, confidence interval; CPT, cold pain threshold; DMA, dynamical mechanical allodynia; HPT, heat pain threshold; MDT, mechanical detection threshold; MPS, mechanical pain sensitivity; MPT, mechanical pain threshold; PHS, paradoxical heat sensation; PPT, pressure pain threshold; QST, quantitative sensory testing; TSL, thermal sensory limen; VDT, vibration detection threshold; WDT, warm detection threshold; WUR, wind-up ratio.](pr9-4-e743-g007){#F4}

![Dot-box-plot of thermal detection thresholds per group. Difference from baseline (32°C) is presented. The dotted lines indicate the 95% quantile of the cold detection threshold (blue, overlying with the warm detection threshold 95% quantile) and the thermal sensory limen (red) of the healthy control group. Although the "no neuropathy" group is well within this quantile, more than half of the "subclinical neuropathy" group are beyond and could be identified by a simple thermal test. CDT, cold detection threshold; TSL, thermal sensory limen; WDT, warm detection threshold.](pr9-4-e743-g008){#F5}

Although subclinical neuropathy differed from the other 2 neuropathy groups mainly by normal MDTs (which is unsurprising, as it is part of the definition of subclinical neuropathy), painless and painful neuropathy did not differ, neither in the *z*-profile (Fig. [4](#F4){ref-type="fig"}) nor in the number of abnormal values (Fig. [5](#F5){ref-type="fig"}). For both these groups, abnormal MDTs were frequently found (which is again part of the definition), although only in few cases, the VDT was elevated as well.

Patient groups differed in frequency of sensory phenotypes (Fig. [6](#F6){ref-type="fig"}). The "healthy" phenotype was frequently observed (29%) only in the group of patients with "no neuropathy" (Fig. [6](#F6){ref-type="fig"}). Two-thirds of the patients with subclinical neuropathy were classified into the "mechanical hyperalgesia" phenotype, which is characterized not only by mild mechanical hyperalgesia, but also by impaired thermal detection in combination with comparably intact mechanical detection.^[@R5]^ In the groups of patients with painless or painful neuropathy, the "sensory loss" phenotype was most frequent (75% and 59%, respectively, Fig. [6](#F6){ref-type="fig"}). Notably, leprosy patients with painful neuropathy had milder sensory deficits than those with painless neuropathy and more hyperalgesia, suggesting that a minimum number of surviving nociceptors may be required for pain and hyperalgesia to occur.

![Frequency of sensory phenotypes per group. Although the sensory loss phenotype dominates in the 2 groups with clinical neuropathy, roughly two-thirds of the "subclinical neuropathy" group fall in the mechanical hyperalgesia phenotype, that is defined also by loss of small-fiber function.](pr9-4-e743-g009){#F6}

4. Discussion {#s4}
=============

In this first report of detailed comprehensive quantitative sensory profiling in patients with leprosy, approximately 60% of patients with leprosy showed a loss of function of at least 1 sensory modality, a high number given the fact that sensory recovery is observed in both silent and overt leprosy neuropathy on early identification and intervention with steroids. Of particular interest is that vibration detection was preserved in almost all cases, while loss of tactile mechanosensation detection was prominent in patients with clinical neuropathy. Both assess large afferent fiber function,^[@R32]^ and it might be therefore expected that vibration results would parallel those for MDT. This has been reported, eg, in HIV, diabetic, and nonfreezing cold injury--induced neuropathy.^[@R40],[@R43],[@R54],[@R57]^ This pattern of loss of CDT, WDT, and MDT with preservation of VDT has not been observed in the recently described 3 main sensory profiles of neuropathic pain.^[@R5]^ Therefore, its relevance could extend beyond the immediate realm of leprosy with regards to a novel sensory profile which could be exploited in testing the hypothesis that QST profiles may reflect underlying pain mechanism which can be exploited to predict individual responses to analgesic drugs.^[@R5]--[@R7],[@R14],[@R17],[@R40],[@R54],[@R73]^ The increased wind-up ratio, which is rather uncommon, could fit into this concept as well. Still, the preserved vibration in this cohort could also be caused by the tuning fork being applied to bone, and there may be relative preservation of afferents innervating deep tissues such as bone rather than superficial cutaneous tissue. This could relate to the preference of *M. leprae* for cooler temperature and is also consistent with the relative preservation of deep tendon reflexes in leprosy and the normal deep pain thresholds in this neuropathy, which is different from other neuropathies. A third possible explanation would be a technical aspect because the vibration stimulus might be conducted through the bone to a nearby, unaffected area and detected there. A similar combination of loss of tactile detection and preserved vibration detection using the same QST protocol was shown in participants under A-fiber block, giving a similar explanation.^[@R67]^

Of potentially great clinical importance is the finding that leprosy nerve damage is associated with loss of function of small, thinly, or unmyelinated nerve fibers, which is at an early stage not detected by conventional field screening of mechanosensation with monofilaments.^[@R7],[@R38],[@R60]^ Disabling thermal sensory deficits is well known to experts in the field, but cold detection has been displaced by clinical electrophysiology in recent years, although these 2 tests assess different fiber populations. Our results confirm that the ability to detect thermal sensory deficit in low-resource settings with simple low cost instruments would be a major advance for early detection of leprosy-associated neuropathy, where electrophysiological or QST methods are not available.^[@R7],[@R58],[@R60]^ Figure [5](#F5){ref-type="fig"} shows that no normalization of the data is necessary for this purpose, and a simple test such as acetone drop or spirit swabs for assessment of cool detection might add significant value. Acetone or alcohol drop cools the skin because of evaporation, regardless of climate, by roughly 2°; still, if it should be used for screening for signs of neuropathy, clinical sensitivity needs to be determined experimentally. Conversely, it may be possible to develop a cheap simple device that measures warm or cold detection thresholds, both methods might hold a potential for earlier diagnosis and thus treatment onset. For a resource-limited setting, heated or cooled test tubes or copper cylinders have been used previously.^[@R1],[@R2]^ It seems to be certain in the light of these and previous findings^[@R1]^ that loss of thermal perception is an early sign of leprosy neuropathy, not detected by the use of the current mechanosensory-based screening methods.

Considering metabolic factors, in this cohort, the mean values of plasma concentration of vitamin B~12~ across the study groups were within the normal range, while 3 healthy volunteers had low levels of vitamin B~12~. The low vitamin B~12~ concentration observed in healthy participants might be attributed to Indian dietary habits because most volunteers followed a vegetarian diet, while patients to a large part were on vitamin supplementation, a reflection of routine practices at Indian clinical centers dealing with leprosy.

Participants with painful neuropathy reported interference from pain and reduced quality of life across most domains of the BPI and GHQ-12. These findings are comparable with the impact of neuropathic pain on quality of life in other infectious painful neuropathies,^[@R10]^ but pain in leprosy seems to be associated with greater disability and poor overall perception of general health.^[@R61]^ The pain distribution, with pain in the ulnar nerve innervation, but in addition to symmetric knee pain, might pose the question if nociceptive or nociplastic pain^[@R30]^ is present in addition to the localized, neuropathic pain as seen in patients with chemotherapy-induced and diabetic neuropathy.^[@R17],[@R54]^ In addition, pain not related to the disease could be present and influencing this picture. Pain unrelated to neuropathy, outside the affected area, can still induce mechanical hyperalgesia in form of secondary hyperalgesia in a neuropathic region, and so, when used to grade neuropathic pain, it must be ascertained that mechanical hyperalgesia cannot be induced by pain unrelated to the neuropathy. Although we categorize our patients as "painful neuropathy," we avoid the term neuropathic pain because, since this work was performed, a revised grading system of neuropathic pain has been published,^[@R15]^ which this work is probably consistent with but did not formally adhere to. A discussion of how the grading system could be operationalized in leprosy would be an important, but complicated issue outside of the remit of this study that should be addressed by a group of qualified experts on leprosy and neuropathic pain. People living with HIV who have a painful neuropathy had higher BPI interference scores compared to those with painless neuropathy.^[@R40]^ The here found differences between painful and painless neuropathy, especially for losing confidence or feeling depressed, fit well into the model of chronic pain in the new *ICD-11* classification.^[@R56]^ These findings support the growing evidence that patients with neuropathic pain have an increased quality of life burden.^[@R26],[@R44],[@R50],[@R51],[@R55],[@R62]^

This is the first report on the use of the DFNS QST battery in a resource-limited setting and the collection of normative data in a non-European setting and population, although there are data from a South American setting.^[@R70]^ The normative sensory parameters in the Indian population were compatible with those reported in European recruited subjects as well as the DFNS requirements of reference data for QST.^[@R35]^ However, as in HIV-associated neuropathy and diabetes,^[@R40],[@R43],[@R54]^ sensory profiling did not differ between patients with neuropathy who do and do not report pain.

To summarize, this study demonstrates that the somatosensory profile of patients with leprosy and leprosy-induced neuropathy is characterised by loss of function. Of interest is the loss of small-fiber function with preserved vibration detection as an early sign of neuropathy, before large-fiber impairment becomes clinically detectable. The involvement of small fibers in leprosy neuropathy has been shown before,^[@R34]^ demonstrating that this is likely not a random finding. Future work should refine the findings reported here to develop and validate a simple, low cost, and robust sensory diagnostic instrument for thermal sensory testing suitable for use in low-resource settings where leprosy is usually managed. This could include a simple clinical test for identification of early-stage small-fiber neuropathy such as cold or warm detection, which is not detected by the currently used routine sensory screening methods which rely on mechanosensory parameters.
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